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Due to its superior coherent and optical properties at room temperature, the nitrogen-vacancy
(NV) center in diamond has become a promising quantum probe for nanoscale quantum sensing.
However, the application of NV containing nanodiamonds to quantum sensing suffers from their
relatively poor spin coherence times. Here we demonstrate energy efficient protection of NV spin
coherence in nanodiamonds using concatenated continuous dynamical decoupling, which exhibits
excellent performance with less stringent microwave power requirement. When applied to nanodia-
monds in living cells we are able to extend the spin coherence time by an order of magnitude to the
T1-limit of up to 30µs. Further analysis demonstrates concomitant improvements of sensing per-
formance which shows that our results provide an important step towards in vivo quantum sensing
using NV centers in nanodiamond.
PACS numbers: 42.50.Dv, 07.55.Ge, 03.67.-a, 42.50.-p
Introduction.— Nitrogen-Vacancy (NV) centers in di-
amond exhibit stable fluorescence and have a spin triplet
ground state, which can be coherently manipulated by
microwave fields [1]. Observation of spin-dependent flu-
orescence provides an efficient way to readout the spin
state of NVs. The energy splitting of the NV spin de-
pends on physical parameters, such as magnetic field
[2–4], electric field [5, 6], temperature [7–10] and pres-
sure [11, 12]. A variety of quantum sensing protocols
for precise measurement of these physical parameters in
different scenarios have been developed [13–22]. These
protocols are all based on determining the NV spin en-
ergy splitting, which is why the measurement sensitivity
is limited by the NV spin coherence time.
Spin coherence in bulk diamond is mainly affected by
surrounding electronic impurities (P1 centers) and nu-
clear spins (natural abundance of 13C isotope). The spin
reservoir can be eliminated by using isotopically engi-
neered high-purity type IIa diamond [23]. In order to
mitigate the influence of any residual impurities, pulsed
dynamical decoupling has been widely exploited to pro-
long spin coherence time [24–26]. Its excellent perfor-
mance when applied to NVs in bulk diamond is a result
of the quasi-static characteristics of the spin reservoir in
bulk diamond and the high available microwave power.
Unfortunately, these two factors may not be satisfied
for NV centers in nanodiamonds, which are required for
sensing applications in vivo. NVs contained within nan-
odiamonds typically exhibit poor spin coherence time,
which has been attributed to nanodiamond surface spin
noise and electric charge noise that include prominent
high frequency components. Preserving the coherence of
NVs in nanodiamonds becomes even more problematic
when they are located in biological environments which
presents additional noise sources. The microwave power
available to decouple NVs within living cells can be lim-
ited by the large distance between microwave antenna
and nanodiamond, and the damaging effects that mi-
crowave absorption may have on biological tissue. There-
fore, the development of an energy efficient strategy to
prolong coherence time of NVs in nanodiamond under
the constraint of limited microwave power represents a
significant challenge for efficient quantum sensing proto-
cols for biology and nanomedicine [8, 27–31].
In this work, we address this key challenge with the
implementation of concatenated continuous dynamical
decoupling (CCDD), which employs a microwave driv-
ing field consisting of suitably engineered multi-frequency
components [32–34], to prolong coherence time of NVs
contained within nanodiamonds. The purpose of the
main frequency component of the microwave drive is to
suppress fast environmental noise, while the other weaker
frequency components compensate power fluctuations in
the main frequency component. The key advantage of
CCDD compared to pulsed schemes is that the decou-
pling efficiency achievable at the same average power (as
quantified by the effective Rabi frequency Ω¯2 = 〈Ω2〉 av-
eraged over time) is predicted theoretically to be superior
to pulsed schemes [31]. We demonstrate experimentally
that CCDD achieves a performance that significantly ex-
ceeds that of pulse dynamical decoupling strategies given
the same microwave energy consumption. We show that
CCDD prolongs coherence time of NVs in nanodiamond
up to tens of microseconds at which point it reaches the
fundamental limit imposed by the NV spin relaxation
time T1 in these nanodiamonds inside living cells. Our
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Figure 1. (Color online) Characteristics of NVs in nanodia-
mond. (a) Atomic force microscope image of nanodiamonds
deposited on a mica plate. (b) Histogram of nanodiamond
sizes that are predominantly within 25-61nm (43 ± 18 nm).
(c) Typical ODMR measurement of a nanodiamond NV cen-
ter with an applied magnetic field B‖ = 37.8G () and 66G
(◦). (d) The time evolution of the spin state population
P|0〉 in spin echo experiment for three typical NVs. By fit-
ting the data with a function of (1/2)[1 + exp(−(T/TSE)α)],
we estimate the parameters [TSE , α] as follows: [2.142 ±
0.018µs, 1.448±0.026] (NV1, ◦), [4.292±0.133µs, 1.47±0.10]
(NV2, ), [2.990± 0.083µs, 1.576± 0.101] (NV3, O).
result represents an important step towards the develop-
ment of quantum sensing for in vivo applications with
high achievable sensitivity.
Protecting spin coherence.— In our experiment, we
use nanodiamonds obtained by milling of HPHT dia-
mond from Microdiamant with diameters of approxi-
mately 43 ± 18 nm, as measured with atomic force mi-
croscope, see Fig.1(a-b) [35]. We apply a static external
magnetic field of strength B along the NV axis, which
leads to two allowed NV spin transitions (ms = 0 ↔
ms = +1 and ms = 0 ↔ ms = −1). The corresponding
optically detected magnetic resonance (ODMR) measure-
ment is shown in Fig.1(c). We first characterize the co-
herence properties of single NV centers in nanodiamonds
by performing spin echo measurements. Microwave con-
trol pulses are generated with an arbitrary waveform gen-
erator (AWG) which are amplified by a microwave am-
plifier. The power of microwave radiation determines the
frequency of Rabi oscillation. Spin echo measurement
were performed for several NVs to determine the spin
coherence time, three representative examples are shown
in Fig.1(d). The data is fitted by a decay function in the
form of exp[−(t/TSE)α], where TSE denotes the spin echo
coherence time. We extract the value of α, the statistic
of which shows α ∈ [1.08, 1.74], indicating decoherence is
due to both slow and fast environmental fluctuations [35].
Universal dynamical decoupling with a train of pulses,
such as Carr-Purcell-Meiboom-Gill and XY8 sequences,
may prolong spin coherence time by suppressing noise of
low frequency [25, 26]. Our Ramsey measurement under
different magnetic field strengths shows that T ∗2 becomes
longer as the magnetic field increases [35], which sug-
gests that the noise in the present scenario is dominated
by surface electric noise [36] rather than a slow spin bath.
We apply XY8-N pulse sequences to several NV cen-
tres using a train of 8N pi-pulses, as shown in Fig.2(a).
Fig.2(b) shows the measurement results obtained by ap-
plying up to 96 pi-pulses. The extended coherence time
T2 under dynamical decoupling increases as the num-
ber of XY8 cycles grows following the scaling (N−β +
TSE/T1)
−1 with N up to 12 [37], see Fig.2(c). We also
observe that the coherence time saturates and any fur-
ther increase of number of pulses does not necessary leads
to a longer coherence time. Because the XY8 pulse se-
quence exhibits excellent pulse error tolerance [38], the
experiment observation suggests that the limited coher-
ence time is likely due to fast noise dynamics and limited
microwave power (pulse repetition rate).
To achieve high efficiency dynamical decoupling under
the constraint of microwave power, we apply CCDD to
protect spin coherence of nanodiamond NVs. We begin
by illustrating the basic idea of CCDD as applied to the
ms = 0 ↔ ms = −1 transition of a single NV spin [32–
34]. We would like to remark that the present scheme
is applicable to many other two-level quantum systems.
We introduce a microwave driving field with phase mod-
ulation [33] as
H˜ = (Ω1 + δx) cos
[
ω0t+ 2
(
Ω2
Ω1
)
sin(Ω1t)
]
σx, (1)
where σx is Pauli operator, ω0 is the energy gap between
ms = 0 and ms = −1, Ω1 is the Rabi frequency as
determined by microwave power, Ω2 denotes the ratio
of phase modulation, and the fluctuation in microwave
power is denoted as δx. The effect of magnetic noise
is suppressed by the driving field as long as the noise
power density is small at frequency Ω1. In the interac-
tion picture, the effective Hamiltonian can be written as
[33] HI2 = − (Ω2/2)σz + δxσx [35]. As the phase con-
trol in the AWG is very stable, the fluctuation in Ω2
is negligible. As long as the power spectrum of δx is
negligible at frequencies larger than Ω2, the noise will
only lead to a second order effect, i.e.,
(
δ2x/Ω2
)
σz [39].
As compared with pulsed dynamical decoupling strategy,
CCDD can achieve better performance with the same
average microwave power [31, 35] as we will confirm in
our experiment on nanodiamonds in living cells. In our
experiment, a schematic of the microwave and readout
sequence to implement CCDD is shown in Fig.2(d). A
pi
2 -pulse prepares NV spin in a superposition state of |0〉
and |−1〉. The phase varying driving field as in Eq.(1) is
generated with an AWG and acts on the NV spin for time
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Figure 2. (Color online) The performance of concatenated
continuous dynamical decoupling as compared with XY8
pulse dynamical decoupling. (a) XY8 pulse sequence. (b)
Coherence time of nanodiamond NV is extended by XY8-N
pulse sequence with the number of pulses up to 96 (8 × N).
The Rabi frequency of pi-pulse is 8.5 MHz. The data is fitted
with the decay function (1/2)[1 + exp(−(T/T2)α)] which in-
dicates the achievable coherence time of T2 = 15.22± 0.63µs.
(c) shows the scaling of T2 with the number of XY8 cycles
N , which fits (N−β +TSE/T1)−1 [37] with β = 0.319± 0.064.
(d) Concatenated continuous dynamical decoupling scheme
with phase modulated driving. (e) The extended spin coher-
ence time by CCDD reaches TC = 31.22± 3.14µs. The signal
envelope is fitted by (1/2)[1 + exp(−(T/TC))]. The driving
parameters are Ω1 = 8.06 MHz, and (Ω2/Ω1) = 0.1. The sub-
panels (1)-(2) show zoomed views over different measurement
intervals. The applied magnetic field is B‖ = 508 Gauss.
T . A final pi2 -pulse maps spin coherence information into
the state |0〉 population as measured by APD (avalanche
photodiode gate). Fig.2(e) shows coherent oscillation by
applying the CCDD scheme which leads to an extended
coherence time Tc = 31.22±3.14µs, which is of the same
order of the relaxation time T1 (which we measured to
be 87.35± 7.50µs) as T2 is limited by T1/2 [40].
The requirement of low microwave power is of practi-
cal importance for quantum sensing applications in vivo,
because microwave radiation is absorbed by biological
tissues which may lead to heating and subsequent dam-
age or denaturing of protein molecules. To demonstrate
the performance of CCDD aimed at biosensing, we ex-
ploit the scheme to protect the spin coherence of NVs
in nanodiamonds up-taken by living cells. The cells we
use in experiment are the NIH/3T3 cells that are adher-
ent to the upper surface of the cover glass. To avoid the
strong fluorescence of the nutrient solution, we replace it
with phosphate buffered saline (PBS) which has almost
no fluorescence and wash the cells 3 times to remove nan-
odiamonds not internalised by the cells. Fig.3(a) shows a
confocal scan image of the cell sample where fluorescence
is gated around the NV emission spectrum. With mem-
brane labelling and depth scan tomography, we clearly
identify nanodiamonds that are taken up by the cells
and located in the cell cytosol [35]. We perform ODMR
(Fig.3b) and spin echo measurements (Fig.3c) to charac-
terize the properties of those nanodiamond NVs in cells.
We compare the performance of CCDD with XY8 pulsed
dynamical decoupling for the protection of NV spin co-
herence in cells. Fig.3(c-d) show the measurement data
obtained by applying a microwave of the power that cor-
responds to a Rabi frequency of 9.6 MHz and 4.6 MHz in
XY8 pulse dynamical decoupling and CCDD scheme re-
spectively, the NV spin coherence time is extended up to
29.4± 3.6µs by CCDD scheme while XY8 pulsed scheme
reaches only 17.49 ± 1.43µs. We note that the advan-
tage of CCDD scheme to become more prominent as the
available microwave power is reduced and T1 time is in-
creased by nanodiamond material design. To characterise
the damage effect of microwave radiation, we apply the
experiment sequences and monitor the temperature in-
crease of sample. The results suggest that the tempera-
ture increase due to the pulse sequences would be about
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TABLE I: Spin echo measurement for nanodiamond NVs. The normalized experiment data is fitted with the function P|0i(t) = (1/2)[1 +
e (t/TS E )
↵
]. The table lists the estimated value of TSE and ↵ for 8 nanodimonad NVs.
AFM, we measure the height of nanodiamonds to estimate their sizes. The statistics of nanodiamond size is shown in Fig.S1.
The average nanodiamond size is about 43 nm, with the diameters predominantly within 25   60 nm (43 ± 18 nm), and the
nanodiamond concentration is about 50 µm 2.
FIG. S2: (a) Dependence of T ⇤2 on the strength of magnetic field. (b) and (c) show the data of Ramsey measurement with magnetic field B = 5
G (b) and B = 25 G (c).
To characterize the properties of spin noise, we perform Ramsey measurement applying magnetic field of di↵erent strength
along NV axis. The dependence of T ⇤2 on the applied magnetic field is shown in Fig.S2. It can be seem that T
⇤
2 increases
with a larger magnetic field, which suggests that electric noise may be a dominant source of spin dephasing in the present
sample [2]. We also perform spin echo measurement of NVs in several nanodiamonds. Owing to the di↵erent environment for
di↵erent nanodiamond NVs. The experiment data is normalized through Rabi oscillation, and then is fitted with the function
P|0i(t) = (1/2)[1 + e (t/TSE )
↵
]. The result shows that ↵ 2 [1.08, 1.74] and TSE for the average spin echo coherence time is around
3µs, see Table I. In Fig.S3, we plot the experiment data for the relaxation time measurement of the NV center shown in Fig.2 of
the main t xt. The normalized experiment data is fitted with the function P|0i(t) = (1/2)[1 + e (t/T1)], which gives an estimation
of T1 = 87.35 ± 7.5µs.
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FIG. S3: The relaxation time of nanodiamond NV. The normalized experiment data is fitted with the function P|0i(t) = (1/2)[1 + e (t/T1)].
The applied magnetic field is Bk = 508 Gauss.
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Figure 3. (Color online) Protecting quantum spin coherence
in living cells. (a) Confocal image of cell with an uptake of
fluorescent nanodiamonds. The red curve indicates the cell
boundary. The nanodiamonds in the dashed rectangular are
located in the cytoplasm. The photon counts are in the unit
of kcs/s. (b) ODMR measurement of a nanodiamond NV
center in cell with an applied agnetic field B‖ = 25 Gauss.
(c) NV coherence time in living cell is extended by spin echo
and XY8 pulse sequences (XY8-N) with the number of pulses
up to 96. The Rabi frequency of pi-p lse is 9.6 MHz. (d). The
CCDD signal indicates a spin coherence time of 29.4± 3.6µs
with a Rabi frequency Ω1 = 4.6 MHz, and Ω2 = Ω1/10.
410 ◦C more than that due to CCDD when achieving sim-
ilar coherence times [35]. Such a difference in tempera-
ture increase is expected to have a significant effect on
biological tissue [41, 42].
Apart from avoiding the damaging effect on biological
tissues (which is mainly dependent on the average mi-
crowave power), the constraint of microwave power on
pulsed dynamical decoupling efficiency when combining
with (in vivo) quantum sensing, may arise from another
origin. The maximal microwave power, which determines
the achievable Rabi frequency, may be limited due to
e.g. the relatively large distance between microwave an-
tenna and nanodiamond especially when compared to
bulk diamond experiments. We perform measurements
using different peak microwave power and compare with
XY8 pulsed dynamical decoupling, the number of which
achieves the longest possible coherence time [35]. Our
result as shown in Fig.4(a) demonstrates that given the
same effective Rabi frequency, i.e. the same average mi-
crowave power, the CCDD scheme clearly outperforms
the XY8 dynamical decoupling sequences in extending
spin coherence time. We remark that, unlike XY8 pulsed
scheme where the decoupling efficiency in our experi-
ments is limited by the constraint of microwave power,
the achieved coherence time by CCDD is predominantly
limited by the T1 time of nanodiamonds, which can be
improved by material design.
Application in quantum sensing.— For sensing appli-
cations inside living cells, one has to take the constraint
of microwave power arising from both origins discussed
above into account. We consider a typical scenario of
detecting an oscillating magnetic field with a frequency
ωs. We remark that the underlying principle is essen-
tially similar to the detection of electron (nuclear) spin,
where the characteristic frequency is Larmor frequency
of the target spins. One potential interesting example
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Figure 4. (Color online) (a) The extended coherence times
as achieved by CCDD scheme () and XY8 pulse dynamical
decoupling (◦) as a function of the effective Rabi frequency.
The values in panel are the number of XY8 cycles (up to 12)
that achieve the longest possible coherence time. (b) The es-
timated sensitivity for the measurement of an oscillating field
using CCDD () and XY8 (◦) scheme. The achievable Rabi
frequency is Ω = 8.5MHz, the coherence time is assumed as
T2 = 15.22µs (XY8) and Tc = 31.22µs (CCDD). The oscillat-
ing field strength is γb = (2pi)100kHz. The other experiment
parameters are the same as Fig.2.
is the detection of the emergence or disappearence of
radicals and functional molecule groups of nuclear spins.
Pulsed scheme detects the field by engineering the time
interval τp between pulses to match the field frequency,
namely τc = k(pi/ωs). For ideal instantaneous pi-pulses
(requiring infinite microwave power), the estimated mea-
surement sensitivity is ηc = kpi/(4γ
√
T2) [35], where γ is
the electronic gyromagnetic ratio and for simplicity we
assume a unit detection efficiency. However, the limited
achievable pulse peak Rabi frequency Ω (in comparison
with the field frequency ωs) leads a constraint on the reso-
nant condition k ≥ (ωs/Ω) and would decrease the signal
contrast. This fact restricts pulsed schemes to work only
for frequencies below ∼ 10 MHz when the pulse repeti-
tion rate and microwave power are limited which is quite
likely in biological systems. The present CCDD scheme
can detect the field on resonance when Ω1 = ωs and
ω0 − ωs = ±Ω1 with the estimated measurement sensi-
tivity ηc = 1/(γ
√
Tc) and 2/(γ
√
Tc) respectively [33, 35].
We remark that the resonance condition can be satisfied
by tuning ω0 (via the external magnetic field), thus it
is flexible to choose Ω1 and Ω2 following the principle
to optimise the improvement of coherent time. There-
fore, the advantage of CCDD scheme as compared with
the pulsed scheme in quantum sensing is not only the
improvement of coherence time, but also its capability
to increase sensitivity in the presence of limited average
microwave power constraint. In Fig.4(b), we compare
the estimated measurement sensitivity for CCDD and the
pulsed scheme under the same average power constraint.
It can be seen that CCDD shows superior performance
for signal frequencies above 10 MHz. Besides the sensi-
tivity enhancement, we also remark that CCDD scheme
may avoid the misidentification of frequency components
in classical fields or single molecule spectroscopy [43–45]
due to the relatively long pulse duration (as microwave
power is not sufficiently high). The present result would
thus advance the application of NV based quantum sens-
ing in vivo using nanodiamonds, offering new methodol-
ogy complementary to continuous wave ESR resonance
measurement (limited by the short T ∗2 ) and relaxation
spectroscopy (working preferentially for the detection of
electron spin) [18].
Conclusion.— To conclude, we implement a concate-
nated continuous dynamical decoupling strategy to pro-
long the quantum spin coherence time of NV centers
in nanodiamonds even inside living cells. We demon-
strate significantly increased performance with less strin-
gent requirement on microwave power in comparison with
pulsed schemes, and thus causing less severe damage ef-
fect to living cells. The concatenated continuous dy-
namical decoupling strategy thus provides a valuable tool
to achieving long spin coherence time quantum sensors
when the available and feasible microwave power is low
or has to be limited, e.g. to avoid damage to biologi-
cal tissue. It also enables relatively high-frequency mag-
5netic field sensing with a substantial enhancement in the
measurement sensitivity. The ability to extend spin co-
herence times in living cells along with enhanced mea-
surement sensitivity raises new possibilities for the appli-
cations of nano diamond based quantum sensing in the
intra-cellular environment and related biological events.
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Principle of concatenated continuous dynamical decoupling
To suppress the effect from both environment noise and microwave fluctuation, we implement concatenated contin-
uous dynamical decoupling by introducing a microwave driving field with time-dependent phase modulation [1]. We
repeat here the derivation for self consistency. We start with the Hamiltonian:
H =
ω0
2
σz + (Ω1 + δx) cos
[
ω0t+ 2
Ω2
Ω1
sin (Ω1t)
]
σx (S.1)
By moving to the interaction picture with respect to:
H =
[ω0
2
+ Ω2 cos(Ω1t)
]
σz (S.2)
we get:
H1 =
(
Ω1 + δx
2
)
σx − Ω2 cos(Ω1t)σz (S.3)
Moving again to the interaction picture with respect to Ω1σx we get:
H2 = δxσx − (Ω2/2)σz (S.4)
as Ω2 is generated by the time dependent phase we assume that the noise is negligible. As Ω2  δx and we assume
that the amount of Ω2 in the power spectrum of δx is negligible the deleterious effect of the noise will only manifest
itself in second order, i.e.,
Hnoise =
(
δ2x/Ω2
)
σz (S.5)
as (Ω2/Ω1) is kept at 10
−1 and δx is of the order of 1% of Ω1 the effect of the noise is of the order of 10−3Ω1.
It is noteworthy that this effect could be further suppressed by adding a higher drive by an extra time dependent
phase term. In our experiment, we first apply a (pi/2)y pulse to prepare the NV centre spin in a superposition state
|ψ(0)〉 = (1/√2)(|0〉+ |1〉). After an evolution for time t, the NV centre spin state evolves to
|ψ(t)〉 = exp [(−itΩ1/2)σx] exp [(−itΩ2/2)σz] |ψ(0)〉 . (S.6)
The fluorescence measurement after another (pi/2)y pulse gives the state population
P|0〉 = |〈ψ(0)|ψ(t)〉|2 = 1
2
[1 + cos(Ω1t) cos(Ω2t)] . (S.7)
Two frequency components Ω1 and Ω2, in additional to the effect of unpoloarized nitrogen nuclear spin, leads to the
beating pattern in the oscillating signal, which explain our experiment observation and is also verified by numeric
simulation. The extended coherence time can be inferred from the decay of the envelope.
Characteristics of nanodiamonds
The nanodiamonds are spin-coated on the mica plate and scanned after drying, we choose different areas to perform
AFM scan and count the statistics of nanodiamond size. Considering the broadening effect of AFM, we measure the
2(a)
(c)
(b)
FIG. S1. (Color online) (a) Dependence of T ∗2 on the strength of magnetic field. (b) and (c) show the data of Ramsey
measurement with magnetic field B = 5 G (b) and B = 25 G (c).
height of nanodiamonds to estimate their sizes. The statistics of nanodiamond size is shown in Fig.1(b) in the main
text. The average nanodiamond size is about 43 nm, with the diameters predominantly within 25− 60 nm (43± 18
nm), and the nanodiamond concentration is about 50 per (10µm)2.
To characterize the properties of spin noise, we perform Ramsey measurement applying magnetic field of different
strength along NV axis. The dependence of T ∗2 on the applied magnetic field is shown in Fig.S1. It can be seem
that T ∗2 increases with a larger magnetic field, which suggests that electric noise may be a dominant source of spin
dephasing in the present sample [2]. We also perform spin echo measurement of NVs in several nanodiamonds. Owing
to the different environment for different nanodiamond NVs, they exhibit different coherence times. The experiment
data is normalized through Rabi oscillation, and then is fitted with the function P|0〉(t) = (1/2)[1 + exp (−(t/TSE)α)].
The result shows that α ∈ [1.08, 1.74] and TSE for the average spin echo coherence time is around 3µs, see Table I.
1 2 3 4 5 6 7 8
T2(µs) 4.840±0.009 4.300±0.069 2.142±0.018 1.30±0.24 4.292±0.133 8.710±0.203 2.990±0.083 2.711±0.078
α 1.082±0.045 1.542±0.056 1.448±0.026 1.447±0.295 1.47±0.10 1.392±0.068 1.576±0.101 1.740±0.113
TABLE I. Spin echo measurement for nanodiamond NVs. The normalized experiment data is fitted with the function
P|0〉(t) = (1/2)[1 + e
−(t/TSE)α ]. The table lists the estimated value of TSE and α for 8 nanodimonad NVs.
In Fig.S2, we plot the experiment data for the relaxation time measurement of the NV center shown in Fig.2 of the
main text. The normalized experiment data is fitted with the function P|0〉(t) = (1/2)[1 + exp (−(t/T1))], which gives
an estimation of T1 = 87.35± 7.50µs.
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FIG. S2. (Color online) The relaxation time of nanodiamond NV. The normalized experiment data is fitted with the function
P|0〉(t) = (1/2)[1 + e
−(t/T1)]. The applied magnetic field is B‖ = 508 Gauss.The relaxation time is estimated to be T1 =
87.35± 7.50µs.
31 2 3 4 5
Peak Rabi frequency (MHz) 1.98 5.10 7.14 8.50 16.20
Average effective Rabi frequency (MHz) 1.94 4.13 4.89 5.19 8.25
XY8 cycles 6 12 12 12 14
TABLE II. The detailed information on the XY8 pulse sequences that achieve the coherence time of NVs in nanodiamond as
shown in Fig.4(a) of the main text.
In the main text, we present experiments in which we apply XY8-N pulse sequences to extend coherence time of NV
centres using a train of (8×N) pi-pulses. The extended coherence time T2 under pulsed dynamical decoupling increases
as the number of XY8 cycles grows, and reaches a saturates value. In Fig.4(a) of the main text, we apply pi-pulses with
different peak Rabi frequency and measure the achievable saturate coherence time. The average microwave power can
be quantified by the average effective Rabi frequency which is defined as follows
Ω¯ =
[
1
T
∫ T
0
Ω2(t)dt
]1/2
(S.8)
In Table II, we list the peak Rabi frequency, the average effective Rabi frequency and the number of XY8 cycles of
the pulse sequences that achieve the best coherence time as shown in Fig.4(a) of the main text.
Cell culture and sample preparation
NIH/3T3 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine
serum and penicillin/streptomycin. Nanodiamonds were diluted in DMEM. Then cells were seeded on cover
slips and incubated with the DMEM-nanodiamond suspension (37◦C, 5% CO2) for 20 hours, which allowed
cells to adherent to the surface of the cover glass. After treatment, the media was removed and the cover glass
was washed 3 times with phosphate buffered saline (PBS). The cultured NIH/3T3 cells were immersed in PBS
throughout the measurement, and the temperature was kept around 22◦C. The confocal imaging was performed
through the cover glass, using an oil immersion lens. The NV center measured in this work was located about
NV1 NV2
NV3
NV1 NV2 NV3
(a) (b)
(c) (d) (e) (f)
y=85µm
y=85µm y=93.5µm y=94.2µm y=93.6µm
FIG. S3. (Color online) (a) Confocal scan of a living cell with cytomembrane lipophilic fluorescent dyes. The zoom in area
in the dashed rectangular is shown in (b). Three nanodiamonds are identified in the cell, which is confirmed by XZ scan as
shown in (c-f). The photon count is in the unit of kcs/s.
42.5 micrometers above the cover glass. Quantum measurements were performed on the NV centers by applying
a microwave signal along a copper wire (with a diameter ∼20µm) which is about ∼30µm far away from the NV center.
Cell membrane staining and identifying nanodiamonds in cells
In order to identify those nanodiamonds that were taken in cells, we first use the 1, 1′-Dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate(DiIC18(3)) which is a kind of lipophilic fluorescent dyes to label the
cytomembrane. After the procedure of cellular uptake, the cell culture medium was removed, and the cells were then
incubated with 200 µL DiIC18(3) (0.0486 µM/L) solution for about 1 hour (37
◦C, 5% CO2). The sample was washed
5 times with PBS before it was imaged with a home-built confocal setup. The stained cell images with clear profile
are shown in Fig.S3(a,c), which demonstrate clearly the cytomembrane labelled by DiIC18(3) and the cell nucleus.
Fig.S3(b) shows a zoom in area where we identify three nanodiamonds in cell, which is further confirmed by our XZ
confocal scan, see Fig.S3(d-f).
Influence of microwave radiation on living cells
The main influence of microwave radiation on living cells arise from the heating effect. We perform measurements
to clarify the following two issues: (1) The dependence of the heating effect on the microwave power; (2) Whether
the difference in the required microwave power to achieve the same coherence times under pulsed and CCDD schemes
matters, i.e. whether it may lead to non-negligible difference in the heating of the sample. The role of microwave power
in the manipulation of NVs is manifested by the observed Rabi frequency. In Fig.S4, we calibrate the dependence
of Rabi frequency on the amplitude of AWG output by measuring Rabi frequencies for several NVs in nanodiamond
when applying magnetic fields of different strengths. The measurement shows that Rabi frequencies are proportional
to the amplitude of the AWG output that is quantified by the peak-to-peak voltage. The results also provide us
information on the requirement of microwave power to achieve a certain Rabi frequency. For example, Rabi frequency
is promoted by 3-6 MHz with an increase of AWG output amplitude by 100mV for typical nanodiamonds that locate
within a distance of 5− 15µm to the microwave wire. For the measurement in Fig.4 of the main text, Rabi frequency
of 9.6 MHz (4.6 MHz) is achieved by an AWG output of 400 mV (200 mV) and 30% (25%) amplification percentage.
As Ω2  Ω1, one can easily verify that the microwave radiation power is determined by the amplitude Ω1.
It has been shown that the main damage of microwave (MW) radiation applied to cells is caused by the heating effect.
The viability of cells may be influenced substantially as the temperature increases by 10◦C, see e.g. Ref.[3, 4]. In our
experiment, we apply microwave of pulse and CCDD schemes and monitor the temperature of sample under similar
conditions in the experiments as presented in the main text. We glue a coverslip (2.4cm × 2.4cm), adhere to which
cells grow, on a PCB board in contact with a copper wire that delivers microwave. The thermistor (Thorlabs TH10K)
attached to the coverslip allows us measure the temperature of the sample when applying microwave sequences. We
add 1mL phosphate buffered saline (PBS) which was used to maintain gentle conditions for living cells. We denote
the peak-to-peak voltage of AWG output as A (mV), which quantifies the peak power of microwave radiation. We
first apply CCDD scheme with the following parameters: the duration of continuous microwave driving is Ton = 30µs
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FIG. S4. Dependence of Rabi frequency on the peak-to-peak voltage of AWG output for several NVs in nanodiamond. Rabi
measurements are performed at frequencies as shown in the figure when applying different magnetic fields along the NV axis.
The amplification percentage of the amplifier is fixed as 45%.
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FIG. S5. The increase of sample temperature as a function of the average amplitude of AWG output. The amplification
percentage of the amplifier is fixed as 45%. The results for CCDD scheme are shown in ◦ as compared with the pulse scheme
( and ).
(which is similar to the extended coherence time as observed in our experiment), the combination of laser pulse and
idle time is set as Toff = 3.8µs (which is similar to the corresponding time in our experiments). As there is time
during which microwave is switched off, we define the average amplitude of microwave radiation as follows
〈A〉 = A
√
Ton
Ton + Toff
. (S.9)
We monitor the temperature of the sample every 60 seconds and record the stable temperature which usually is
reached in ∼ 15 minutes. The result is shown in Fig.S5 (◦). For comparison, we also apply XY8-12 scheme (i.e.
the total number of pulses is N = 96) with the following parameters: the pi-pulse duration is τpi = 50 ns, and the
time between pulses (i.e. no microwave) is τf = 100(4) ns, the combination of laser pulse and idle time is set as
Toff = 3.8µs. In this case, the average amplitude of microwave radiation is given by
〈A〉 = A
√
Nτpi
Nτpi +Nτf + Toff
. (S.10)
The results are shown in Fig.S5 ( for τf = 100 ns and  for τf = 4 ns). Although we choose certain specific parameters
of pulses (which are close to those parameters used in our experiments), we find that the heating effect is mainly
determined by the average microwave power (as quantified by the average amplitude of AWG output defined in Eq.S.9
-S.10) for both pulse and CCDD schemes while is weakly dependent on the details of microwave pulses. The sample
temperature would heat up by ∼ 12◦C when the average amplitude of AWG increases by 100 mV (which corresponds
to ∼3-5 MHz improvement in Rabi frequency). We remark that the exact difference in heating effect may also depend
on the other factors such as the distance between the microwave wire and the orientation of the NV axis, nevertheless,
our measurement strongly suggests that the more stringent requirement on microwave power by pulse schemes will
cause more severe heating effect to biological tissues. For example, we compare the data in Fig.4 of the main text.
The average microwave power for CCDD to achieve ∼ 15µs coherence time is less than 1 MHz, while it requires
4− 5 MHz for pulse scheme. Therefore, according to the observed characteristics of heating effect due to microwave
radiation, the temperature increase due to the pulsed sequences would be about 10 ◦C more than that due to CCDD,
which can be expected to have a significant effect on biological tissues [3, 4].
Sensitivity comparison under the constraint of microwave power
We consider a typical scenario of quantum sensing, namely the detection of a weak oscillating magnetic field
b(t) = b cos(ωst) with a frequency ωs and an amplitude b. The underlying principle is similar to the detection of
electron (nuclear) spin in essence, where the characteristic frequency is Larmor frequency of the target spins. One
possible interesting example is the detection of radicals inside cells. In NV spin sensor based magnetic spectroscopy,
the Larmor frequency of the target spins would usually exceed ∼ 10 MHz particularly for electron spin. Depending
on the relative orientation of the magnetic field with respect to the NV axis (denoted as the zˆ axis that connects
6the nitrogen atom and the vacancy site) and the field frequency ωs, the NV centre spin sensor may be sensitive to
either the field components along the zˆ direction or the xˆ direction. In order to investigate the achievable measure-
ment sensitivity under the constraint of microwave power, we denote the available (maximum) Rabi frequency as Ωmax.
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FIG. S6. Pulse scheme with non-instantaneous pi-pulses. The pi-pulse duration is denoted as τpi = (pi/Ω) where Ω is Rabi
frequency of pulses. The inter-pulse free evolution time is τf . The time interval τc = τpi + τf between pulses shall match the
oscillating field frequency, namely τc = k(pi/ωs), where k = 1, 3, 5, · · · . The role of pi-pulses is to change the sign of the magnetic
field that acting on the NV centre spin, so that its effect can be accumulated constructively.
We first consider quantum sensing in combination with the present CCDD scheme. In the first case of ωs ≤ Ωmax,
we can choose to measure the field along the zˆ direction by tuning the orientation of the NV axis in parallel with
the polarisation of the magnetic field. In the interaction picture, when setting Ω1 = ωs, the effective Hamiltonian
becomes
H2 = (Ω2/2)σz + (γb/2)σz, (S.11)
where γ is the electronic gyromagnetic ratio [1]. The field parameter b can be determined via a Ramsey experiment,
and the measurement sensitivity with an interrogation time t = Tc is estimated to be
ηc =
√
∆2p
C(∂p/∂b)
√
1/Tc
' 1/
(
γC
√
Tc
)
, (S.12)
where Tc is the extended coherence time, p = (1/2) [1 + cos(γbTc)] is the result of Ramsey experiment, C represents
the detection efficiency [5]. As ωs ≤ Ωmax, it is always feasible to choose Rabi frequency Ω1 = ωs. In the second
case of ωs > Ωmax, we choose to measure the field along the xˆ direction by tuning the orientation of the NV axis
perpendicular to the polarisation of the magnetic field. In the interaction picture, when setting Ω1 = ω0 − ωs, the
effective Hamiltonian becomes [1]
H3 = −(γb/4)σz. (S.13)
The measurement sensitivity via a Ramsey experiment with an interrogation time t = Tc is estimated to be
ηc =
√
∆2p
C(∂p/∂b)
√
1/Tc
' 2/
(
γC
√
Tc
)
, (S.14)
where the signal of Ramsey experiment is p = (1/2) [1 + cos(γbTc/2)].
Pulse scheme detects an oscillating field by engineering the time interval τp between pulses (see Fig.S6) to match the
field frequency, namely τp = k(pi/ωs) [6]. For ideal instantaneous pi-pulses (i.e. requiring infinite microwave power),
τp = τf where τf is the free evolution between pulses. In our experiment, we first apply a (pi/2)y pulse to prepare the
NV centre spin in a superposition state |ψ(0)〉 = (1/√2)(|0〉 + |1〉). After an interrogation time for time t, the NV
centre spin state evolves to the following state as
|ψ(t)〉 = exp [−iγb(2/pi)tσz] |ψ(0)〉 . (S.15)
The factor (2/pi) comes from the average of the modulated oscillating field. The state population measurement after
another (pi/2)y pulse leads to the signal of Ramsey experiment as follows
p = |〈ψ(0)|ψ(t)〉|2 = 1
2
+
1
2
cos [γb(4/pi)t] . (S.16)
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FIG. S7. Quantum sensing using pulse scheme with non-instantaneous pi-pulses. (a) The signal as a function of the time
interval close to the resonant condition τc = 3(pi/ωs) for an oscillating magnetic field with different frequencies ωs = 10 MHz,
15 MHz, 20 MHz. The field strength is (γb) = (2pi)100 kHz. (b) The signal p as a function of the oscillating field strength b.
In (a-b), the interrogation time is set as T2 = 15.22µs. The pulse Rabi frequency is Ω = 8.5 MHz.
The estimated measurement sensitivity with an interrogation time T2 is
ηp =
√
∆2p
C(∂p/∂b)
√
1/T2
' kpi/(4γC
√
T2). (S.17)
For non-instantaneous pi-pulses realised by finite microwave power, τp = τpi+τf , where τpi = pi/Ω is the pulse duration
and τf is the free evolution between pulses, see Fig.S6. As we are considering pulse scheme, we require τf > 0,
otherwise the pulse scheme would become continuous. However, the limited pulse Rabi frequency Ω (in comparison
with the field frequency ωs) leads to a constraint on the resonant condition k ≥ (ωs/Ω) and would decrease the signal
contrast. In Fig.S7, we shown the signal contrast for the measurement of an oscillating magnetic field with different
frequencies using pulses of the same duration (namely the same available Rabi frequency). It can be seen that the
signal contrast decreases with an increasing field frequency, see Fig.S7(a). This is also confirmed by the less steep
signal slope (∂p/∂b) for an oscillating field with a higher frequency ωs, see Fig.S7(b). In Fig.4 of the main text, we
compare the estimated measurement sensitivity by CCDD and pulse scheme according to the achieved coherence
time. The enhanced sensitivity by the present CCDD scheme arises from both the prolonged coherence time and also
the limit of microwave power constraint in pulse scheme.
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